Hair loss is a feared side effect of chemotherapy treatment. It may be prevented by cooling the scalp during administration of cytostatics. The supposed mechanism is that by cooling the scalp, both temperature and perfusion are diminished, affecting drug supply and drug uptake in the hair follicle. However, the effect of scalp cooling varies strongly. To gain more insight into the effect of cooling, a computer model has been developed that describes heat transfer in the human head during scalp cooling. Of main interest in this study are the mutual influences of scalp temperature and perfusion during cooling. Results of the standard head model show that the temperature of the scalp skin is reduced from 34.4
Introduction
Hair loss, although temporary, is one of the most feared side effects of cancer therapy (Cash 2001) . It causes psychological stress, which may even lead some patients to reject potentially curative treatment (Katsimbri et al 2000) . Cooling the scalp during the administration of cytotoxic drugs can reduce hair loss (Protière et al 2002) and is generally very well tolerated by the patient (Ridderheim et al 2003) . The hair preservative effect of scalp cooling is attributed both to reduced supply and reduced action of drugs at a lower temperature (Bülow et al 1985) . Cooling the scalp skin induces vasoconstriction, decreasing blood flow. Because of this, the total amount of cytotoxic drugs available for uptake in the hair cells is diminished. In addition, hair follicles are less susceptible to cytotoxic drug damage because of falling temperatures with subsequent lower cellular drug uptake and metabolism.
However, the effect of scalp cooling varies strongly (Grevelman and Breed 2005) . An important aspect in this is that it is uncertain whether local skin temperatures during cooling differ between individuals. To gain more insight into the effect of cooling, a computer model has been developed that describes heat transfer in the human head during scalp cooling. Of main interest is the interplay between temperature and perfusion. The effect of variations in physical and physiological parameters is also studied. Ultimately, this heat transfer model will be coupled to a pharmacological model that describes drug transport and drug effects in the human body. With these models, it is possible to assess crucial parameters in the design and user protocol of scalp cooling.
Methods
The model configuration consists of a simplified head and a cooling cap system. A coolant is circulated through the cap, thus extracting heat from the patient's scalp. Heat transport in the head is modelled using Pennes' (Pennes 1948) well-known 'bio-heat transfer' equation:
in which ρ, c and k are the density, specific heat and thermal conductivity, respectively. T is the local tissue temperature and T A is the temperature of the blood in the main arteries supplying the scalp, in this study assumed to be constant and set to 37 • C. w b and q m are the blood perfusion rate and the metabolic heat production in the tissue, respectively.
One of the main points of interest in this study is the interplay between temperature and perfusion. The reductions in metabolism and subsequent reductions in perfusion due to falling temperatures are modelled according to a well-known Q 10 relation of thermal physiology. This relation states that for every 10
• C reduction in tissue temperature, there is a corresponding reduction in cell metabolism (Dennis et al 2003) and blood flow (Fiala et al 1999) with constant factor Q 10 :
Reported values for Q 10 range from 2.0 to 3.0 (Dennis et al 2003) and we use a value of 2.5 in our standard head model. Reference temperatures (T 0 ) in (2) and (3) are obtained by calculating the steady-state temperature distribution in the head without cooling. The head and the cold cap are both idealized with spherical elements representing brain, skull, fat, skin, hair and cold cap (figure 1). The simplified model is essentially one dimensional since boundary conditions have spherical symmetry too. Tissue layers are assumed to have homogeneous properties.
Since anatomical differences in blood vessels in the skin affect heat transfer (Weinbaum et al 1984) , the skin was modelled with two layers, an inner and an outer skin layer. In the outer layer, the blood temperature T A is equal to the local tissue temperature T (Weinbaum et al 1984) , eliminating the perfusion term in (1). This is modelled by setting perfusion w b for the outer skin to zero.
For the core, a Neumann boundary condition is used ∂T ∂r = 0 . At the surface, boundary conditions for both the uncovered head and the head with cold cap include convective heat transfer and radiative heat transfer. Convective heat transfer between head or cold cap and the surroundings is modelled as
in which h is the heat transfer coefficient. Its value is taken appropriate for free convection (h = 4 W m −2 K −1 ), based on Nusselt relations for a sphere surrounded by cold or warm fluid (Bejan 1993) . Ambient temperature (T amb ) is set to 20
• C. Radiative heat transfer from the surface to the surroundings is modelled as
in which σ is the Stefan-Boltzmann constant (σ = 5.669 × 10 −8 W m −2 K −4 ) and is the emissivity. In our model, we assume that the thickness of the hair is such that it enables radiative heat transfer between the surface of the outer skin and the inner side of the cap. Emissivity of both head and cold cap is taken as 1.0.
The heat sink term in equation (1) is also used to model coolant transport in the cold cap. Thermal properties of the coolant are assumed to be equal to those of water. The mass flow of the cap is estimated at 0.17 kg s −1 (ṁ cap = 10 kg min −1 ) and this value is converted to a w b of 119 kg m −3 s −1 . The coolant temperature (T cap ) is set to −8 • C in the standard model head. The Pennes' equation is discretized using a Crank-Nicholson scheme. Special internal conditions are used to prevent numerical instabilities due to differences in tissue layer properties (Schuh 1957 ). The complete model is validated by comparing the results of the model to known analytical solutions.
To investigate the influence of variations in physiological and physical properties, a range of thermal properties, basal blood flow and basal metabolic rate values have been used. Six different studies in the literature on human head heat transfer were examined (Nelson and Nunneley 1998 , Fiala et al 1999 , Xu et al 1999 , Diao et al 2002 , Dennis et al 2003 and mean value and range of geometry and tissue properties were determined. The mean values of these properties are used to define our standard head model (table 1). The range in the literature determines the lower and upper limits for the parameter study ( and , respectively, table 3 ). In addition, the influence of other parameters such as temperature of the blood, cap and surroundings is also investigated. Standard values and upper and lower limits of these parameters are shown in tables 2 and 4, respectively. Simulation of a scalp-cooling procedure consists of two steps. First, the temperature without a cold cap was calculated for each parameter set, keeping metabolism and perfusion constant. The resulting temperature profile was used as reference temperature profile for temperature-dependent metabolism and blood 
Cap cooling mass flow kg min −1 10 flow (equations (2) and (3)). Then, a cold cap is added to the model and the steady-state solution is calculated.
Results

Standard model head
The temperature distribution in the head during cooling was first calculated for the standard configuration. Skin temperature during cooling drops from 34.4
• C to a minimum of 18.3
• C (figure 2). Relative perfusion is also reduced and reaches a minimum value of 25% for the skin. Reduction is less in the deeper layers such as fat (0.25 φ w 0.50) and 
Tissue layer thickness (table 3, part I).
No significant changes are seen for variations in sizes of the brain, the skin or the scalp. Greater influences are found when the thickness of the fat or hair layer is altered. The 7 mm increase in fat layer results in a drop in minimum skin temperature of 5.0
• C and a further decrease in relative perfusion down to 18%; a 2 mm decrease results in a 3.1
• C increase in skin temperature and a relative perfusion of 33%. Increasing the hair layer, on the other hand, increases both minimum skin temperature and relative perfusion. For hair layer thicknesses between 1 mm and 4 mm, skin temperature ranges from 10.1
• C to 21.8 • C and corresponding values for relative perfusion are 13% and 33%, respectively.
Tissue thermal conductivity (table 3, part II).
Only minor changes are seen for variations in thermal conductivity of the brain, the skin or the scalp. The increase in the conductivity of the fat layer results in an increase in minimum skin temperature of 1.5
• C and a relative perfusion of 29%. The reduction in conductivity shows a temperature decrease of 3.5
• C and a relative perfusion of 19%. Increasing the conductivity of the hair layer results in a further decrease in minimum skin temperature of 2.7
• C and a relative perfusion of 21%. A decreased hair layer conductivity shows increased skin temperature by 3.4
• C and a relative perfusion of 33%.
Tissue basal metabolism (table 3, part III). The variations in metabolism do not
show any significant changes in either minimum skin temperature or relative perfusion. The effect on skin temperature is only noticeable for increased or decreased brain metabolism, with skin temperature being 0.09 • C higher or lower, respectively. This is all too little to have a discernable effect on perfusion.
Tissue basal perfusion (table 3, part IV).
Responsible for the largest changes in temperature are the perfusion of the brain and skin. Increased basal perfusion always results in higher skin temperatures, but this increase never exceeds 1.2
• C. A decrease in temperature, due to reduced perfusion, never exceeds 1.3
• C. The effects on relative perfusion are small. (table 4 ). An important parameter in scalp cooling is the tissue perfusion coefficient Q 10 , since it describes how perfusion is reduced by changes in skin temperature. The effect it has on relative perfusion is considerable, but the influence on temperature is small. A value of 3.0 reduces relative perfusion to 19%, while a value of 2.0 results in almost double that at 36%.
Perfusion coefficient Q 10
Remaining parameters (table 4).
Of the remaining parameters, the temperature of the cold cap and the cooling mass flow are most important. A reduced mass flow through the cap can have some influence on the skin temperature, but changes in perfusion are small. Increasing the mass flow with respect to the standard model has no influence on either temperature or perfusion.
Increasing the temperature of the cap increases both skin temperature and relative perfusion. A ±4
• C change in cap temperature results in a change in skin temperature of ±1.7
• C.
Discussion
The real 3D geometry of head and cap was simplified by us modelling spherical symmetry in 1D simulations. Simulations in 2D (Xu et al 1999) and 3D (Dennis et al 2003) have shown that the temperature-depth profiles are pretty much identical in the upper-back part of the head. Our 1D simulations should therefore give accurate results for most of the actual scalp surface being cooled by the cap. However, the problem of an irregular-fit cap is the one that needs to be addressed by a more sophisticated model. Another simplification in the model is radiative heat transfer between the outer skin and the cap. In our model, we neglect absorption of the hair layer. In extremes, a thick head of hair will act as a radiation shield, reducing radiative heat transfer by a factor of 2. Calculations show that for this scenario, skin temperature and perfusion will be shifted towards a higher value ( T skin ≈ +1.5
• C, φ w ≈ +0.025). The Pennes' equation is used to describe the heat transfer in the human head. It assumes that all blood-tissue heat transfer takes place in the capillaries. The validity of this approach has been questioned (Arkin et al 1994) and the lack of counter-current heat exchange has been criticized (Weinbaum and Jiji 1985) . However, Van Leeuwen (Van Leeuwen et al 2000) showed that temperatures in a cooled neonatal head predicted with the Pennes model agreed well with predictions made including detailed discrete vasculature. The iso-temperature contours in both models run roughly at the same depths, only the iso-temperature contours in the Pennes model are smoother. For the object of this study, the regional variability of temperature and perfusion, these differences are not important.
The results of the numerical study show that the temperature-perfusion coefficient Q 10 and the thermal resistance of both the fat and hair layers are important parameters during scalp cooling. These parameters influence skin temperature and skin blood flow, the properties that are thought to control the reduction in chemotherapy-induced hair loss. The dominance of the above parameters is predictable: the fat and hair layers provide most of the thermal resistance between the hot brain and the cold cap, with the skin located between them.
Scalp cooling decreases skin temperature, which is supposed to diminish both drug supply and drug uptake. Decorti (Decorti et al 1998) showed that in vitro doxorubicin uptake in kidney cells at 37
• C was 4.5 times higher than drug uptake at 4 • C. In addition, Decorti also showed that doxorubicin uptake is dependent on the extracellular concentration. These findings indicate that the hypothesis of scalp cooling may be correct. However, studies on temperature-dependent drug uptake in human hair follicles and the effect of different extracellular concentrations are lacking. The solid line denotes a Q 10 value of 2.74, which was found using a least-square fit on all data.
The perfusion coefficient Q 10 has a great influence on relative perfusion. Values for Q 10 in the literature range from 2.0 to 3.0. In a preliminary experiment, we explored the relationship between temperature and perfusion. We used three J-type thermocouples to measure the temperature of the skin and a laser Doppler perfusion probe (407, Perimed UK Ltd) to track changes in skin blood flow. The skin was cooled with a rate of approximately 0.1
using a cold cap system (Paxman Coolers Ltd UK). This system was set to start cooling at the beginning of the experiment (i.e. without precooling of the cooling fluid tank) to achieve slow cooling.
The results of a single experiment are shown in figure 3 . During this experiment, relative perfusion gradually drops down to 28%. This reduction in perfusion is in agreement with the findings of Bülow (Bülow et al 1985) , who found that blood flow during cooling was reduced to 25% of the basal value. The Q 10 value for a relative perfusion of 0.28 and a temperature change of 12
• C equals 2.9. However, because of a remarkable difference in trajectory for relative perfusion during cooling and rewarming, a least-square fit on the data suggests a Q 10 value of 2.74. It seems there is a hysteresis loop, which may indicate that the cooling rate is too high for the body to follow the changes in temperature. Another possibility is that central thermoregulation may play a role during scalp cooling. We plan to do further experiments to investigate this hysteresis loop and to refine the relationship between temperature and perfusion.
Conclusions
We used Pennes' bio-heat equation to model a head and a cold cap. Based upon variations in both thermal properties and head geometries found in the literature, temperature and blood perfusion were evaluated. The results of our numerical simulations show that uncertainty in predicted perfusion is dominated by uncertainty in the perfusion coefficient Q 10 which is used to model temperature-dependent tissue blood flow. Our model computed that during a scalp-cooling procedure, the temperature of the scalp skin is reduced from 34.4
• C to 18.3 • C. This reduction in temperature decreases tissue blood flow for the basal parameters down to 25%. Varying the perfusion coefficient in accordance with values found in the literature resulted in tissue blood flow decreases ranging from 19% to 36% of the basal level. Other important parameters are the thermal resistances of both the fat and hair layers, which can be increased by either decreasing thermal conductivity k or by increasing tissue layer thickness d. For the fat layer, variations in the thermal resistance resulted in skin temperatures from 13.3
• C to 21.4
• C and in relative perfusion values ranging from 18% to 33%. For variations in the thermal resistance of the hair layer, skin temperatures ranged from 10.1 • C to 21.9
• C with relative perfusion values of 13% to 33%.
